A recent in vitro study showed that sildenafil, a type 5 phosphodiesterase inhibitor, dilated the constricted ductus arteriosus of neonatal rabbits. We studied the in vivo ductus-dilating effects of sildenafil in fetal and neonatal rats. Ductus diameters were measured with whole-body freezing and cutting on a freezing microtome. Indomethacin (10 mg/kg) constricted the fetal ductus severely at 4 and 8 h after orogastric administration to the dams. Sildenafil, administered orogastrically and simultaneously with indomethacin, dilated the near-term fetal [21 fetal days (FD)] ductus constricted by indomethacin completely with 1 mg/kg at 8 h after administration. The preterm fetal ductus was more sensitive to sildenafil at 19FD. The ductus constricted rapidly after birth, and the ductal diameter was only 10% of the fetal diameter at 1 h after birth. The ductus-dilating effect of sildenafil was studied by i.p. injection at 1 h after birth, and the ductus diameter was studied 30 and 60 min later. Sildenafil dilated the neonatal constricted ductus moderately with a massive dose (100 mg/kg) and only minimally with 1 mg/kg. In conclusion, sildenafil, a type 5 phosphodiesterase inhibitor, dilated the constricted fetal ductus completely at 8 h with 1 mg/kg in the near-term fetus and completely with a smaller dose (0.1 mg/kg) in the preterm fetus. However, sildenafil dilated the neonatal constricted ductus only moderately with large doses and minimally with 1 mg/kg. Probably, sildenafil is useful clinically for treating idiopathic and secondary fetal ductal constriction and not useful for dilation of the neonatal constricted ductus. The ductus arteriosus (DA) is widely patent in the fetus and constricts soon after birth (1-3). In neonates with certain congenital heart diseases, including pulmonary atresia and aortic atresia, patency of the DA is essential for survival (4), and prostaglandin E (PGE) is used to dilate the constricted DA (5). Physiologically, PGE and nitric oxide (NO) work to dilate the fetal DA (6,7), and these work through an increase in cAMP and cGMP, respectively, as intracellular second messengers in ductal smooth muscle cells (8). cGMP is degraded by phosphodiesterase (PDE)-5 (9). PDE-5 inhibitors, including sildenafil, have been developed and applied for erectile dysfunction (10). A recent study by Thebaud et al. (11) showed ductal dilation and increased cGMP in ductal tissue by sildenafil in a rabbit in vitro study. We hypothesized that inhibition of type 5 PDE can increase cGMP and dilate the fetal and neonatal DA in vivo. Here we report in vivo DA dilation by sildenafil in fetal and neonatal rats.
The ductus arteriosus (DA) is widely patent in the fetus and constricts soon after birth (1) (2) (3) . In neonates with certain congenital heart diseases, including pulmonary atresia and aortic atresia, patency of the DA is essential for survival (4) , and prostaglandin E (PGE) is used to dilate the constricted DA (5) . Physiologically, PGE and nitric oxide (NO) work to dilate the fetal DA (6, 7) , and these work through an increase in cAMP and cGMP, respectively, as intracellular second messengers in ductal smooth muscle cells (8) . cGMP is degraded by phosphodiesterase (PDE)-5 (9) . PDE-5 inhibitors, including sildenafil, have been developed and applied for erectile dysfunction (10) . A recent study by Thebaud et al. (11) showed ductal dilation and increased cGMP in ductal tissue by sildenafil in a rabbit in vitro study. We hypothesized that inhibition of type 5 PDE can increase cGMP and dilate the fetal and neonatal DA in vivo. Here we report in vivo DA dilation by sildenafil in fetal and neonatal rats.
METHODS

Animals.
Virgin Wistar rats (pregnancy period 21.5 d) were mated overnight from 1700 to 0900 h; the presence of sperm in vaginal smears fixed day 0 of pregnancy. Rats were housed in an environmentally controlled room, acclimatized to a 12:12-h light/dark cycle, and maintained on commercial solid food and tap water ad libitum. Treatment conformed to the guiding principles of the American Physiologic Society. The experiment was approved by the Ethical Committee of Animal Experiments of our institute. Experiments were done either in the near-term fetus and neonate on the 21st gestational day or in the preterm fetus on the 19th gestational day. These experimental designs are illustrated in Table 1 .
Drugs. Sildenafil citrate (Pfizer, New York, NY) was prepared by crushing a 50-mg tablet to powder. It was administered to the dam through an orogastric tube with 2 mL of water. To the neonate, it was dissolved in 0.05 mL of DMSO and injected i.p.
Fetal studies. We studied 170 near-term fetuses from 16 dams. The following fetal studies were done using one or two pregnant rats for each drug, dose, and time. The dilating effects of sildenafil citrate (11) (100, 10, or 1 mg/kg) in the fetal ductus were studied by simultaneous administration of sildenafil and indomethacin through an orogastric tube with 2 mL of water to the dam and by studying the DA at 4 and 8 h after administration. In addition, the dilating effect of sildenafil on the DA, ascending aorta, and main pulmonary artery without simultaneous administration of indomethacin was studied by orogastric administration of 10 mg/kg sildenafil and by examining the fetuses 8 h later. The mean body weight of the near-term fetus was 5.8 g, and those Ͻ5.0 g were discarded.
The DA-dilating effects of sildenafil were studied also in preterm fetus on fetal day 19 (19FD) . We studied 120 preterm fetuses from 11 preterm dams. The dilating effects of sildenafil were studied by simultaneous administration of sildenafil and indomethacin through an orogastric tube with 2 mL of water to the dam and then by examining the DA at 4 and 8 h after administration. The mean body weight of the preterm fetus was 2.6 g, and those whose body weight was Ͻ2.2 g were discarded.
Neonatal studies. We studied 110 neonatal rats from 10 near-term dams. After atlas dislocation and cesarean section of the near-term rat, newborn rats were incubated in room air at 34°C for 90 or 120 min. Neonatal DA dilation by sildenafil was studied with three doses (100, 10, and 1 mg/Kg), using 10 -14 neonates for each dose and time. Sildenafil citrate (100, 10, or 1 mg/kg) in 0.05 mL of DMSO was injected i.p. to the neonatal rat at 60 min after birth, the neonates were frozen, and the DA was studied 30 or 60 min after injection (at 90 or 120 min after birth).
Measurements. To study the in situ morphology of the fetal DA, we used a rapid whole-body freezing method as described in earlier studies (12, 13) . Briefly, in the fetal studies, fetuses were delivered by cesarean section with atlas dislocation of the mother rat and frozen immediately in acetone cooled to Ϫ80°C by dry ice. In the neonatal studies, the neonates were frozen 30 and 60 min after drug injection, and the frozen fetuses were weighed. Eight to 12 fetuses were studied from each litter. The frozen thorax was cut on a freezing microtome (Komatsu Solidate Co. Ltd., Tokyo, Japan) in the frontal plane, and the inner diameters of the ascending aorta, main pulmonary artery, and DA were measured every 100 m in 10 -15 planes with a microscope (Nikon Binocular Stereoscopic Microscope; Nihon Kogaku Co., Tokyo, Japan) and a micrometer (Nikon Ocular Micrometer; Nihon Kogaku Co.; Fig. 1 ). Constriction of the fetal DA was not uniform but most severe at the aortic end (14) . The narrowest DA diameter was used as the indicator of constriction.
Photographs. The frontal section of the DA was photographed to demonstrate ductal constriction with a binocular stereoscopic microscope (Wild M400 Photomacroscope; Wild Heerbrugg Lid, Heerbrugg, Switzerland) using color film (Reale, Fuji Film Co., Tokyo, Japan; Fig. 1 ).
Statistics. The results are expressed as mean Ϯ SEM. The statistical significance of differences between group means was determined by ANOVA and the Bonferroni method (15) . The difference was considered to be significant at p Ͻ 0.05.
RESULTS
In these studies, maternal or neonatal death was not observed with sildenafil. After orogastric administration of 10 mg/kg indomethacin to near-term (FD21) rats, the inner diameter of the DA was 0.80 Ϯ 0.03 mm (mean Ϯ SEM) without the drug and 0.20 Ϯ 0.03 and 0.16 Ϯ 0.02 mm at 4 and 8 h, respectively, after administration of indomethacin (Fig. 2) . After orogastric administration of 10 mg/kg indomethacin to preterm (FD19) rats, the inner diameter of the DA was 0.54 Ϯ 0.03 mm (mean Ϯ SEM) without the drug and 0.38 Ϯ 0.03 and 0.44 Ϯ 0.02 mm at 4 and 8 h, respectively, after administration of indomethacin (Fig. 3) . After delivery, the neonatal ductal inner diameter diminished from 0.80 Ϯ 0.03 (at 0 min after birth) to 0.12 Ϯ 0.02, 0.08 Ϯ 0.02, 0.06 Ϯ 0.02, and 0.02 Ϯ (Fig. 4) . Sildenafil dilated the fetal DA at 21FD dose dependently (Fig. 2) . Sildenafil (10 mg/kg) without indomethacin dilated the fetal DA, aorta, and pulmonary artery significantly, and the DA diameter was 0.91 mm (114% of the control diameter) 8 h after administration ( Table 2 ). The effects of sildenafil administered simultaneously with indomethacin were delayed, and more dilation was apparent 8 h after administration. A large dose (10 mg/kg) dilated the fetal DA completely, and the DA diameter was 0.89 mm (111% of the initial diameter) at 8 h after administration of sildenafil and indomethacin. A smaller dose (1 mg/kg) dilated the fetal DA almost completely at 8 h after administration, and the DA diameter was 71 mm (89% of the control diameter). Even a smaller dose (0.1 mg/kg) showed a small but significant dilation of the fetal DA 8 h after administration. The DA diameter was 0.34 mm and significantly larger than the DA diameter with indomethacin only (0.16 mm).
Sildenafil dilated the fetal DA at 19FD more effectively (Fig.  3) . At 8 h after administration, even a very small dose (0.1 mg/kg) of sildenafil dilated the fetal DA almost completely, and the DA diameter was 0.52 mm (96% of the control diameter).
Neonatal DA was dilated by sildenafil dose dependently (Fig. 4) . However, even a large dose (100 mg/kg) of sildenafil dilated the neonatal DA only moderately. The ductal diameter was 0.39 mm (49% of the control diameter ϭ 0.80 mm) at 30 min and 0.49 mm (61% of the control diameter) at 60 min after administration of 100 mg/kg sildenafil. The small dose (1 mg/kg) of the drug dilated the ductus mildly to 0.17 mm (21% of the control diameter) at 30 min after administration.
DISCUSSION
An earlier in vitro study by Thebaud et al. (11) showed that inhibition of type 5 PDE by sildenafil dilates rabbit DA constricted by oxygen, and our study has confirmed this finding in an in vivo study. They suggested that sildenafil might be clinically applied to dilate the DA in neonates with ductusdependent congenital heart diseases. Our study disclosed several new aspects of DA dilation by sildenafil in the fetal and the neonatal DA, which will be important for clinical application.
First, dilation of the neonatal DA by sildenafil is not marked; only moderate dilation occurred with large doses, and minimal dilation occurred with 1 mg/kg, suggesting that the isolated use of sildenafil is not indicated clinically for DA dilation. In human neonates with congenital heart disease, the DA is dilated fully with continuous i.v. infusion of 100 ng · kg Ϫ1 · min Ϫ1 PGE. Comparable data with continuous i.v. administration are not available in rat neonates, and it is difficult to compare the ductusdilating effect of sildenafil to PGE. Sildenafil has a longer in vivo half-life than PGE, and a large dose dilated the neonatal ductus only modestly, suggesting that the neonatal ductus-dilating effect of sildenafil is weaker than PGE.
Second, sildenafil dilated the fetal DA constricted by indomethacin at 8 h very effectively. Transplacental transfer of Figure 4 . Dilation of the neonatal constricted DA by sildenafil (i.p. S; doses in mg/kg) injected at 60 min and studied at 90 and 120 min after birth. The x axis shows the time after birth in hours. The y axis shows the DA diameter in 0.01 mm. At 1 h after administration of a large dose (100 mg/kg) of sildenafil to a 1-h-old neonatal rat, the DA dilated moderately and its diameter increased from 0.08 Ϯ 0.02 mm (n ϭ 14) to 0.49 Ϯ 0.09 (n ϭ 14). A smaller dose of sildenafil (1 mg/kg) dilated the DA mildly at 30 min after administration, and the DA diameter was 0.17 Ϯ 0.02 mm (n ϭ 11) and significantly larger than the control (0.06 Ϯ 0.01 mm; n ϭ 11). C, control. indomethacin to the fetus is rapid, and with this large dose, the fetal indomethacin concentration increases rapidly within 4 h after administration (14) . Data on the transplacental transfer of sildenafil are not available, but the results of our study suggest a relatively later transfer of sildenafil to the fetus compared with indomethacin. Even a very small dose of sildenafil can dilate the fetal constricted DA, and the dilating effect is more prominent in the preterm fetus than in the near-term fetus. In fetal ductal constriction induced by indomethacin for tocolysis, ductal constriction usually disappears after the administration of indomethacin is stopped. However, in small fetuses with immature pulmonary function, sildenafil may be used to treat fetal ductal constriction.
The safety of sildenafil in male adults with several clinical problems, including heart failure, has been well confirmed (16, 17) . The safety of sildenafil in female adults with pulmonary hypertension has been reported (18, 19) , but the safety of the drug in late pregnancy remains to be studied.
Third, sildenafil dilated the fetal DA constricted by indomethacin more sensitively in preterm than in near-term rats. The reason for this phenomenon is not clear, but we speculate that it may be related to the changing mechanisms of fetal DA dilation in late gestation (7) . It has been shown that in preterm fetal rats, the DA is dilated mainly by NO, and in near-term fetal rats, it is dilated mainly by prostaglandins (7) . This is why the preterm fetal DA constricts only mildly with a large dose of indomethacin. Sildenafil inhibits type 5 PDE, increases cGMP in smooth muscle cell, and potentiates the effects of NO (19, 20) . Probably this mechanism explains why sildenafil dilates the preterm constricted DA more potently.
To our disappointment, a very large dose of sildenafil was needed to dilate the neonatal constricted DA, and only minimal dilation of neonatal DA was obtained with 1 mg/kg sildenafil. Probably, inhibition of type 5 PDE is clinically applicable to dilate the fetal DA but not the neonatal DA.
We speculate on the high doses required to dilate the DA in the newborn rat as follows. In our ongoing studies on type 3 PDE inhibitors and the DA, type 3 PDE inhibitors dilated the fetal DA constricted with transplacental indomethacin at small doses, but larger doses were needed to dilate the neonatal constricted DA (unpublished data). Very probably, the birthrelated constricting stimuli to the neonatal DA including oxygen are so powerful that many more doses of vasodilating agents are needed to dilate the neonatal constricted DA than in fetal DA constricted by indomethacin.
Other reports suggest combined roles for prostaglandins and NO synthesis as ductus dilation (7). Type 5 PDE inhibition augments the effects of NO (20) , and type 3 PDE inhibition augments the effect of prostaglandins (9) . In our ongoing study of type 3 PDE inhibition, several type 3 PDE inhibitors, including amrinone and milrinone, dilated the fetal and neonatal constricted DA, and these results will be reported. 
